The liver is known to be a major site of plasmaprotein synthesis, but there is little information concerning its role in the catabolism of native plasma proteins. The ease with which the isolated perfused liver can be maintained under physiological conditions would appear to make it an ideal system for studying plasma-protein breakdown. However, the ability of the liver to take up particulate material is well known, and Gordon (1957) allows a sufficient margin for sampling. (2) Haemo-concentration, which readily occurs during the course of a perfusion, is reduced by bubbling the entering oxygen through two gas washers at 370, by balancing the rates of entry and exit of gas with two flow-meters and also by including at the back of the box two lengths of gauze suspended in beakers of water. (3) A magnetic stirrer has been included in the blood reservoir to facilitate rapid mixing.
(Received 31 March 1958) The liver is known to be a major site of plasmaprotein synthesis, but there is little information concerning its role in the catabolism of native plasma proteins. The ease with which the isolated perfused liver can be maintained under physiological conditions would appear to make it an ideal system for studying plasma-protein breakdown. However, the ability of the liver to take up particulate material is well known, and Gordon (1957) has recently shown that the perfused rat liver rapidly catabolizes small proportions of altered protein molecules present in preparations of labelled plasma protein. Perfusion experiments, which are necessarily of short duration, can therefore be used to assess the physiological role of the liver in protein breakdown only if the labelled protein used is free from altered molecules.
Rapidly catabolized components can be removed by preliminary injection of the labelled protein solution into a living animal; after the required period of 'screening' the plasma of this animal is used as the labelled protein solution to be tested (McFarlane, 1956) . Using a screening period of 48 hr. in the rat, Gordon (1957) found in three experiments that the perfused rat liver catabolized about one-tenth of the homologous albumin broken down in the whole animal. Such data can be regarded as having physiological significance only if it is possible to establish a minimum catabolic rate which is unaffected by more prolonged screening of the labelled albumin. In the present investigation the effect of the length of screening upon the rate of homologous albumin catabolism by the perfused rat liver has been studied. Observations regarding the time taken for the release of diffusible label from [1311] albumin by the perfused liver are also recorded and in addition the capacity of the liver for breaking down native and denatured albumins is compared.
METHODS
Perfusion apparatus. This was basically that described by Miller, Bly, Watson & Bale (1951) , but having the following modifications: (1) The dimensions of tubing and glassware have been reduced so that an initial blood volume of 55 ml. allows a sufficient margin for sampling. (2) Haemo-concentration, which readily occurs during the course of a perfusion, is reduced by bubbling the entering oxygen through two gas washers at 370, by balancing the rates of entry and exit of gas with two flow-meters and also by including at the back of the box two lengths of gauze suspended in beakers of water. (3) A magnetic stirrer has been included in the blood reservoir to facilitate rapid mixing.
Blood donors. These were rats of the hooded strain maintained at the National Institute for Medical Research. Animals were starved overnight and 5-8 ml. of blood was removed by cardiac puncture under ether anaesthesia. At least 3 weeks elapsed before any rat was again used as a blood donor. For each perfusion 0-25 ml. of heparin (1250 i.u.) was added to 55 ml. of blood.
Perfusion technique. Liver donors were hooded male rats which had been starved overnight. The surgical technique described by Miller et al. (1951) has been slightly modified.
In order to minimize hepatic damage which might arise from products of intestinal infarction the bile duct and portal vein were cannulated without previous ligation of the gastric and duodenal blood vessels. Perfusion of the liver was commenced as soon as the superior vena cava had been cannulated and was followed by dissection of the liver from the animal. By this means the time during which the liver was without a blood supply was reduced from about 6 min. to less than 2 min. The temperature (37-38°) and rate of blood flow through the liver (5-7.5 ml./min.)
were allowed to stabilize for j hr. before the addition of labelled protein.
Supplements in the form of glucose and amino acids are usually added in liver perfusion experiments (Miller et al. 1951; Jensen & Tarver, 1956; Gordon, 1957) . However, during a series of 4 hr. liver perfusions in which about 55 ml. of blood was used without supplements the blood-sugar concentration increased by 19-58 mg./100 ml. while the amino acid level rose by 22-67 mg./100 ml. (Tables 2 and 3) . Because of this finding no supplements were used in the present experiments.
Preparation of albumin. Albumin fractions were prepared by: (1) zone electrophoresis of rat serum on a column of treated cellulose (Porath, 1954; Campbell & Stone, 1956 ).
The albumin peak was located by measurement of the ultraviolet absorption of 3 ml. volumes of eluate at 280 mp.
The pooled albumin solution was reduced to suitable volume by pressure dialysis at 40 before labelling; (2) chromatography of rat serum on a column of carboxymethyleellulose (Peterson & Sober, 1956) . Protein fractions were obtain3d by gradient elution with two sodium acetate buffers [pH 5 0 (0-05M), and pH 5-1 (0-40M) respectively].
The pooled albumin solution was concentrated by pressure dialysis and freeze-dried before labelling. After being labelled with 1311 these albumin preparations were mixed with rat serum and examined by paper electrophoresis. Subsequent strip-counting showed that the radioactivity was confined to the albumin band (Fig. 1) .
In experiments on denatured protein either bovine serum albumin (Armour and Co. Ltd., Eastbourne, Sussex) or rat albumin was used. The protein after iodination was brought to pH 9-0 by addition of 0 45 m-equiv. of NaOH/g., the final protein concentration being 10% (w/v). It was then denatured by heating at 800 for 5 min. The solution was readjusted to pH 7*0 before addition of the denatured protein to the perfusion circuit.
Iodination. This was usually performed according to the method of McFarlane (1956) . In a few instances, however, the following modified method recommended to us by Dr McFarlane was used. The protein solution was adjusted to pH 4 0 by addition of glycine buffer (7-2 g. of glycine dissolved in 96 ml. of 1-47 % NaCl and 12 ml. of N-HCI). This acidified protein was mixed with the labelled freeiodine solution and iodination allowed to proceed by raising the pH of the mixture to 8X0 with 0 02N-NaOH. Free iodide was removed by passage of solutions through anion-exchange columns of De-Acidite (Permutit Co. Ltd., Gunnersbury Avenue, London, W. 4). In all instances the mean ratio of iodine bound to protein was less than 1 g.-atom/mole.
Removal of denatured material from the iodinated protein. This was achieved by intravenous or intraperitoneal injection of the labelled protein solution into a living rat, which was bled by cardiac puncture after a period of between 15 min. and 72 hr. This procedure, known as 'screening ' (McFarlane, 1956) , has been used as a preliminary to a number of perfusions reported below. The plasma containing screened 131I-labelled albumin was dialysed overnight against 0.9 % NaCl containing NaI. The final iodinated protein solution contained 0.15-0.97% of the total radioactivity in the supernatant after precipitation of protein with 10% trichloroacetic acid at 200.
Measurement of radioactivity. Solutions containing 181I were measured by scintillation counting. The standard deviation of counts recorded in this study did not exceed +3%. 
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Plama-protein estimations. These were done by the biuret method of Gornall, Bardawill & David (1949) .
Blood-glucose estimations. Blood samples (about 0-2 ml.) were collected into tubes containing 2 mg. of NaF and blood sugar was estimated within 24 hr. according to the method of Somogyi (1945) .
Plasma amino acid estimations. These were done by a ninhydrin method (Jacobs, 1956 ).
Paper electrophoresis. Plasma samples were analysed by paper electrophoresis according to the method of Jencks, Jetton & Durrum (1955) and the proportion of albumin was estimated by the elution of strips stained with bromophenol blue.
Estimation of degree of catabolism. Blood samples were withdrawn 20 min. after addition of the labelled albumin and then at hourly intervals for 4 or 5 hr. The following estimations were made on each sample. (a) Radioactivity/ ml. of whole blood; (b) non-protein radioactivity/ml. of whole blood. Blood (1 ml.) was added to 1 ml. of 0-1% NaI and 2 ml. of 20% trichloroacetic acid was added. The radioactivity of 2 ml. of the supernatant (equivalent to 0-5 ml. of blood) was measured after centrifuging; (c) radioactivity/ml. of plasma; (d) haematocrit.
The level of non-protein ls8I did not increase during the initial 20 min. after the addition of labelled protein to the perfusion circuit (see below). The catabolic rate during subsequent hourly intervals has been calculated by the method illustrated in Table 1 . Results are expressed as: (a) uncorrected percentage catabolism/hr., which is the increment of non-protein 131I/ml. of blood/hr. expressed as a percentage of the total l31I/ml. of blood. In an experiment with tracer amounts of denatured labelled protein the total radioactivity/ml. of blood fell progressively during perfusion as a result of uptake of protein by the liver as well as adsorption on the walls of the apparatus. In this experiment [rat liver perfusion (R.L.P.) 67, Table 3 ] the nonprotein 1311 increment/ml. of blood is expressed as a percentage of the average protein-bound 1811/ml. of blood during the corresponding interval; (b) corrected percentage catabolism/hr. The correction factor used was:
Vol. of plasma in perfusion circuit (ml.) x protein conen. (mg./ml.) Wt. of rat (g.) x229
i.e. the percentage catabolism/hr. was corrected to that which would have been observed with a plasma-protein pool size equal to that of the donor rat; (c) mass of albumin catabolized/hr. The proportion of albumin in six pooled samples of rat plasma measured by paper electrophoresis was 404+4% of the total protein. During the course of perfusion the plasma-protein concentration frequently increased (Tables 2 and 3 ), but the albumin percentage as determined by electrophoresis remained constant. The mass of albumin catabolized during each hour was therefore calculated from the uncorrected percentage catabolism x 40% of the plasma-protein mass in the perfusion circuit.
RESULTS
Recovery of 131I from blood. Protein catabolism has been calculated from the proportion of 131I in blood which is non-precipitable by trichloroacetic acid. When Na131I is added to blood and Bioch. 1958, 70 VoI. 70 545 
Wt. of donor rat (g.) x 2-9 (4) 40% (plasma vol. x protein conen.).
Increment non-protein 131I/ml. of blood/hr. x 100 Total 11LI/ml. of blood (6) Uncorrected percentage catabolism x correction factor. (7) Uncorrected percentage catabolism x albumin pool (mg.).
precipitated at a final concentration of 10 % trichloroacetic acid in the presence of 0-05 % unlabelled NaI, the radioactivity is quantitatively recovered in the supernatant.
Stability of [138I]albumin in the ab8ence of a liver. Radioactivity is not released from undenatured [131I]albumin pumped around the perfusion circuit in the absence of a liver (Gordon, 1957). Since it was thought possible that denatured albumin might be catabolized by leucocytes a similar control experiment was performed in which 10 mg. of heatdenatured bovine serum albumin was added to 58 ml. of blood in the circuit. During 5 hr. the non-protein 131I varied from 1-64 to 1-74 % of the total 131I, but a progressive increase was not observed.
Di8tribution of iodide in the perfusion circuit. Concentration of iodide to a significant extent in either the liver or bile would invalidate calculations of catabolic rate based upon the level of nonprotein "III in the perfusing blood. Control experiments have been performed in which tracer amounts of 1331 (1-04 ,.c carrier-free 181I) were mixed with rat blood in the perfusion circuit. In one experiment the initial volume of distribution of 131I in the apparatus (calculated by isotope dilution) was 65 ml. This increased to 68 ml. within 20 min. after hepatic cannulation, presumably as a result of the passage of 131I into liver tissue and bile as well as the addition to the perfusion circuit of blood present in the donor liver. During a further 4 hr. perfusion the apparent volume of distribution of 131I varied from 68-2 to 71-5 ml. After 5 hr. perfusion with blood containing 131I the livers in two experiments contained 2 and 3 % of the initial radioactivity, while the total bile samples contained 2-4 and 3-0 % of the "3"I added. The concentration of 131I in bile at the end of the perfusions was 1 1 and 1-25 times respectively that present in whole blood. In experiments with [131I]albumin the total radioactivity in the bile was always less than 3 % of the total non-protein radioactivity in the perfusing blood. On the basis of these observations protein catabolic rates have been calculated from levels of non-protein 131I in blood and no attempt has been made to correct for the small percentage of non-protein radioactivity distributed in hepatic tissue and bile. intervenes between the addition of 13II-labelled albumin and the liberation of non-protein 131I into the perfusion circuit. At zero time 1-9 mg. of 181I-labelled rat albumin previously screened for 48 hr. and containing 0-18% of non-protein-bound radioactivity was added (R.L.P. 68). intervenes between the addition of "3L1-labelled, heatdenatured bovine serum albumin and the liberation of non-protein lsI into the perfusion circuit. At zero time 0-9 mg. of heat-denatured bovine serum albumin containing 1-2% of non-protein 131I was added (R.L.P. 67).
protein and the release of non-protein ls'I into the perfusing blood was measured with both native rat albuminand heat-denatured bovine serum albumin. In the experiment shown in Fig. 2, 1-9 (Fig. 2) . A similar latent period was observed in the case of 131I-labelled bovine serum albumin previously denatured by heating at 800 for 5 min. (Fig. 3) . Catabolism of 13I-labelled albumin screened for less than 24 hr. The breakdown rate of rat albumin separated by electrophoresis and screened for 1-23 hr. showed considerable variation (Table 2 and Fig. 4) . In three experiments the corrected catabolic rates were between 0-80 and 3-53 %/hr.
In two experiments in which chromatographically separated albumin was screened for 1 and 3 hr. the corrected catabolic rates were 1-08 and 0-31 %/hr. Fig. 5a ). The corrected catabolic rates varied from 0-25 to 0-41 %/hr. and the absolute rates of catabolism were 0-96-1-49 mg. of albumin/hr. Labelled albumin prepared by chromatography and screened for 72 hr. (Fig. 5b) gave results within the same range, the corrected catabolic rates in two experiments being 0-30 and 0-36 % and the absolute rates of catabolism 0-94 and 1-13 mg. of albumin/hr. respectively.
Catabolism ofheat-denatured bovine serum albumin.
Catabolism of a tracer dose of bovine serum
[131I]albumin proceeded at a linear rate (Fig. 3) . ' (Cohen, Holloway, Matthews & McFarlane, 1956) rat (Campbell, Cuthbertson, Matthews & McFarlane 1956) to be almost identical with that of the corresponding proteins labelled with 14C by a biosynthetic procedure. Moreover, the elimination of 14C-and 131I-labelled antibody globulins is identical either in the presence or absence of an immune response (J. H. Humphrey & A. S. McFarlane, unpublished work, cf. McFarlane, 1957) . It is concluded from these experiments that 131J-labelled protein prepared by methods used in this investigation does not undergo de-iodination unless sufficient proteolysis has occurred to render the products soluble in 10% trichloroacetic acid.
A second assumption in these perfusion experiments is that the 1311-labelled compounds liberated during catabolism are not reincorporated into newly formed protein. Inability to re-utilize the label has been demonstrated in animals receiving inactive iodide, by feeding large doses of 131-I labelled plasma protein and by subsequent failure to detect a significant amount of the label in plasma protein, as well as by almost complete recovery of the label in the urine within two days (Cohen et al. 1956 ). The fact that iodinated products of protein breakdown are not re-utilized makes the 131I label of unique value for measurements of protein catabolism.
In studies in living animals of plasma-protein metabolism extending over several weeks, the presence of a small proportion of denatured molecules in the labelled protein is of little importance and cannot usually be detected with certainty. In liver-perfusion studies, on the other hand, where only about 0-1 % of the injected labelled protein may be broken down per hour a small proportion of altered molecules which are selectively taken up and catabolized will lead to gross overestimation of the overall catabolic rate. Experience with the perfused liver suggests that [1311] breakdown rate in these eight experiments is 0-33 % of the intravascular albumin pool of the donor rat/hr., which corresponds to 1-2 mg. of albumin/hr. In Table 4 the rates of catabolism in vivo of screened 131I-labelled albumin prepared by two different methods of fractionation are compared with the breakdown rates of similar protein preparations by the perfused liver. It is apparent from these data that the liver is responsible for catabolizing 13-15% of all the albumin broken down in the whole animal.
The observed low rates of catabolism of native albumin may be due to the fact that the perfused livers had partly lost their ability to break down this protein. The numerous functional activities retained by the perfused rat liver have been outlined by Miller, Burke & Haft (1956) . Jensen & Tarver (1956) have shown that perfused livers continue to remove colloidal chromic phosphate at a rate equal to that observed in vivo, and for 4 hr. or more show no fall in protein synthetic activity. Livers perfused in this Laboratory continue to secrete bile, have been shown to incorporate labelled amino acids into plasma protein, and rapidly take up and catabolize small proportions of altered protein molecules (Gordon, 1957) . In addition, the experiments reported above show that the perfused liver is able to catabolize 2-5 times more denatured bovine serum albumin than rat albumin. It is unlikely therefore that the low breakdown rate observed with native albumin results from an impairment of the protein catabolic function of the perfused liver. Since albumin synthesis is known to occur exclusively in the liver it is apparent from the present experiments that the breakdown of albumin in vivo must occur mainly in cells which are not involved in the synthesis of this protein.
A latent period of 15-20 min. has been found to intervene between the injection of labelled amino acids and the appearance of labelled protein in the bloodstream (e.g. Green & Anker, 1955) . Peters (1957) , using chicken-liver slices, has recently shown that only 2-3 min. is required for the incorporation of amino acids into a non-diffusible material bound to cytoplasmic particles and having the electrophoretic and immunological properties of native albumin. This suggests that the lag period observed for the extracellular appearance of newly synthesized plasma protein may be due mainly to the time taken for release of serum albumin from its bound form. The similar interval of 20 min. which elapses before non-protein-bound 131I is released from labelled albumin by the perfused liver may therefore represent predominantly the time required for albumin to enter the cell and become bound to the appropriate enzyme system. 550 I958 SUMMARY 1. The catabolism of serum albumin labelled with 131I was investigated in the isolated perfused rat liver.
2. A period of about 20 min. intervenes between the introduction of labelled rat albumin into the perfusion circuit and the appearance ofnon-proteinbound 131I. A similar latent period is observed with heat-denatured bovine serum albumin.
3. Iodinated protein solutions were 'screened' by injection into rats for various periods before use in liver-perfusion studies, in order to remove the small proportion of molecules which are catabolized rapidly by the liver. With screening periods of up to 24 hr. the subsequent rate of catabolism shows wide variation. Labelled albumin separated either by chromatography or electrophoresis and screened for 48 or 72 hr. is broken down during 4 or 5 hr. perfusion at a constant rate which corresponds to about 14 % of the total albumin breakdown in vivo.
4. The perfused liver is able to break down heatdenatured bovine serum albumin at 2-5 times the rate observed for screened rat albumin.
